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CoioGesOie crystallizes in an intergrowth structure featuring alternating layers of spinel and rock 
salt. Variable-temperature powder synchrotron X-ray and neutron diffraction, magnetometry, and 
heat capacity experiments reveal a magnetostructural transition at Tn — 203 K. This rhombohedral- 
to-monoclinic transition involves a slight elongation of the CoOe octahedra along the apical axis. 
Below Tn, the application of a large magnetic field causes a reorientation of the Co^^ Ising spins. 
This metamagnetic transition is first-order as evidenced by a latent heat observed in temperature- 
dependent measurements. This transition is initially seen at T = 180K as a broad upturn in the 
M-H near He — 3.9 T. The upturn sharpens into a kink at T = 120 K and a "butterfly" shape 
emerges, with the transition causing hysteresis at high fields while linear and reversible behavior 
persists at low fields. He decreases as temperature is lowered and the loops at positive and negative 
fields merge beneath T = 20K. The antiferromagnetism is described by kyi = (00 1) cind below T = 
20 K a small uncompensated component with /cm = (000) spontaneously emerges. Despite the Curie- 
Weiss analysis and ionic radius indicating the Co^^ is in its high-spin state, the low-temperature 
M-H trends toward saturation at Ms = 1.0 /xb/Co. We conclude that the field-induced state is a 
ferrimagnet, rather than a 5* = 1/2 ferromagnet. The unusual H-T phase diagram is discussed with 
reference to other metamagnets and Co (II) systems. 



PACS numbers: 75.30.Kz 75.50.Ee 75.60.Nt 75.50.Gg 



I. INTRODUCTION 



Compounds featuring Co^+ often display interesting 
magnetic field-induced phase transitions. The driving 
force behind these transitions is the Ising-like single-ion 
anisotropy of octahedral Co^+ that results from spin- 
orbit-lattice coupling. Co^+ is (f and in an octahedral 
coordination environment it typically adopts a high-spin 
^F9/2 electronic ground state {S = 3/2 and L = 3); with 
spin-orbit coupling it is often described as a Kramer's 
doublet with Jeff = 1/2. The complex magnetism that 
results from this electronic state is seen in many types of 
Co(II)-containing antiferromagnets including the proto- 
typical CoCl2-2H20P/3-Co(OH)2pl hybrid metal-organic 
frameworks,-^, and oxyselenides.'^ Co (II) is also a popular 
species to study in the field of molecular magnets where it 
is of interest for spin-crossover or spin-state transitions.^ 
The majority of the aforementioned anisotropic meta- 
magnets exhibit spin reorientations and their phase dia- 
grams are well described by an Ising model with magnetic 
exchange that is antiferromagnetic for nearest neighbors 
and ferromagnetic for next-nearest neighbors.^ ^ These 
anisotropic systems are distinct from those with Heisen- 
berg spins which undergo spin-flop transitions where spin 
canting is important. Field-induced transitions also oc- 
cur in systems with ferrimagnetic or noncollinear ground 



states such as CoCr2 04.^ These ground states are not 
as well investigated as Neel antiferromagnetism, but are 
more technologically interesting. Some of these systems 
have complex H-T phase diagrams that have been ex- 
plored by experimentalists and are begininning to be ex- 
plained by theoriticians. In this manuscript, we inves- 
tigate the complex behavior of the relatively unstudied 
CoioGeaOie. 

CoioGeaOie is an octahedral Co^+ compound that is 
related to the spinel GeCo204 in both chemical com- 
position and crystal structure. It was first prepared by 
Barbier who solved its structure from single-crystal X- 
ray diffract ion .1^ Its layered crystal structure is an inter- 
growth composed of alternating spinel units and edge- 
sharing octahedra layers (Figure [I]). The 0^~ anions 
are close-packed, with a nearly ideal c/a ratio, and the 
Ge^+ sit in both tetrahedral and octahedral sites. Bar- 
bier's study found that bond valence sums indicate the 
expected ionic states and that the thermal parameters 
are almost isotropic. This structure type is related to the 
cation-deficient mineral aerugite, Nig.sAsaOief^^'^Udod 
and co-workers concluded that CoioGeaOie is a ferrimag- 
net based on magnetometry measurements,^^ however 
our study indicates that the exceedingly complex mag- 
netism is not captured by the term "ferrimagnetism" . 

Here we present physical property measurements in- 




FIG. 1: (Color online) Schematic crystal structure of 
CoioGesOie- This is the low-temperature C2/m structure 
which has the same topology as the high-temperature R3m, 
but a smaller unit cell. The spinel layer, with tetrahedral 
Ge^^, is in the middle and is sandwiched between rock-salt- 
like slabs of edge-sharing Ge^^ and Co^^ octahedra. The 
sphere colors correspond to: maroon, Ge; blue, Co; and or- 
ange O. 



eluding, magnetometry, heat eapaeity, and powder neu- 
tron diffraction, that indicate an antiferromagnetic tran- 
sition in CoioGeaOie at T/v = 203 K. A structural transi- 
tion from rhombohedral to monoclinic symmetry accom- 
panies the onset of magnetic order, as seen in powder 
synchrotron X-ray diffraction. A magnetic-field-induced 
phase transition occurs below T/v and gives rise to hys- 
teresis in both the M-H and X'^ sweeps, indicating a 
first-order nature. Powder neutron diffraction elucidates 
the low-temperature magnetism by revealing the spon- 
taneous emergence, below T = 20 K, of a small ferri- or 
ferromagnetic component with /cm = (000) that coex- 
ists with the antiferromagnetism. We discuss the ground 
state of CoioGesOie with respect to the related spinel 
GeCo204 and other metamagnetic Co(II) systems. 



II. METHODS 

Polycrystalline pellets of CoioGesOie were prepared 
by solid-state reaction of powder reagents at high tem- 
perature. Stoichiometric amounts of Ge02 and C03O4 
were ground with an agate mortar and pestle, pressed 
at 100 MPa, and fired in air at 1000°C for 48 h with 
an intermediate grinding. The pellets were placed on 
beds of powders of the same composition to avoid con- 
tamination by the Zr02 crucible. Powder synchrotron 
X-ray diffraction was performed at the 11-BM beam- 
line (A = 0.413104 A) of the Advanced Photon Source, 
Argonne National Laboratory. Powder neutron diffrac- 
tion was conducted at the HIPD beamline of the Lujan 
Neutron Scattering Center, Los Alamos National Lab- 
oratory. Rietvelcr^ refinements were performed using 
GSAS/EXPGUL^"^ DICVOL, as implemented in Full- 
Prof, was used to index the low-temperature unit cell.^^ 
ISODISTORT was used to explore the possible crystal 
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FIG. 2: (Color online) Temperature evolution of a powder 
synchrotron X-ray diffraction peak through the magnetostruc- 
tural transition of CoioGeaOie. The top panel shows the T 
= 300 K data and fit for the R3m (208) peak. An intensity 
contour plot is displayed in the center panel to illustrate the 
splitting of the peak as temperature is lowered through Tn = 
203 K. The bottom panel presents the T = 90 K data and fit 
for the C2/m (222) and (404) peaks. 



distortion modes and to transform the unit cell atom po- 
sitions to lower symmetry.^ Crystal structures were vi- 
sualized using VESTA. ^^ Magnetic properties were mea- 
sured using a Quantum Design MPMS 5XL SQUID mag- 
netometer and a PPMS DynaCool VSM. Heat capacity 
was measured using a thermal relaxation method as im- 
plemented in a Quantum Design PPMS. Electrical resis- 
tivity was measured by a PPMS DynaCool ETO to be 
5x10^ l]-cm at room-temperature and increased expo- 
nentially as temperature decreased, consistent with the 
expected insulating behavior of a brown-colored material. 



III. RESULTS AND DISCUSSION 

A. Crystal structure 

Variable-temperature powder synchrotron X-ray 
diffraction was used to investigate the crystal struc- 
ture of CoioGeaOie. The known crystal structure 
was confirmed by Rietveld refinement of the room- 
temperature diffraction pattern (not shown). The 
extracted room-temperature R3m structural parameters 
are a = 5.957(2) and c = 28.92(2), which agree well with 
the single-crystal study by Barbier.^ The presence of a 
small 1.0 mol% impurity of the GeCo2 04 phase was 
determined by our analysis. An unidentified and even 
smaller impurity phase was observed in the synchrotron 
X-ray data with peaks at Q = 1.34(4), 1.42(8), 1.45(7), 
1.46(7), 2.38(8), and 3.10(9) A-^. We rule out any 
significant impurity effect on physical properties based 
on their small phase fractions as well as experiments 
on a second sample that exhibited the same behaviors 
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FIG. 3: (Color online) Powder synchrotron X-ray diffraction and Rietveld refinement for CoioGesOie at T = 100 K using a 
monoclinic C2/m model. The low-temperature monoclinic cell was determined through pattern indexing and its atom positions 
were derived from the high-temperature R3m model using group-subgroup theory. The small residual and good refinement 
figures of merit support the validity of the model. 



yet did not contain any impurities. A structural phase 
transition was observed in the temperature evolution of 
the powder synchrotron X-ray diffraction. The onset 
of the transition is indicated by the splitting of the 
R3m (208) diffraction peak as temperature is lowered 
(Figure [2|. The diffraction data were fit by Rietveld 
refinement using the known R3m model above the 
transition and a new C2/m model below. Unit cell 
parameters for the initial C2/m model were determined 
by indexing the diffraction pattern. The C2/m atom 
positions were derived from the R3m model using 
group-subgroup theory. A refinement using the C2/m 
model at T = 100 K gives a good qualitative fit to the 
data, matching the observed peaks in both position and 
intensity (Figure l3|. The small residual and i^Bragg 
support the validity of both the new low-temperature 
C2/m model and the known high-temperature R3m 
model. The extracted structural parameters for C2/m 
at 100 K are listed in Table [H The structural transition 
involves a slight elongation of the CoOe octahedra along 
the apical axis, breaking the rhombohedral symmetry. 
Bond valence sum calculations indicate the ion valences 
expected from the chemical formula, namely Co^+, 
Ge^+, and 0^~, for both structures. The structural 
transition was determined to occur between T = 200 
and 210 K by comparing fits of the diffraction data using 
the high- and low-temperature structural models. This 
temperature is consistent with the Tn = 203 K from the 
magnetometry experiments discussed later. The unit 
cell parameters decrease smoothly with temperature, 
as expected for a typical positive coefficient of thermal 
expansion (Figure 4|. A change of slope, but not a 
discontinuity, is observed at Tn in the plot of cell 
volume as a function of temperature; this is typical of a 
second-order phase transition. 
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FIG. 4: (Color online) Structural parameters for CoioGesGie 
as a function of temperature, as determined by Rietveld re- 
finement of powder synchrotron X-ray diffraction data. The 
dashed line indicates the phase boundary between the high- 
temperature R3m and low-temperature C2/m structures. 
The R3m and C2/m parameters are shown by the red and 
navy symbols, respectively, while the volume is displayed as 
the black squares. The arrows indicate the labeling axes. 



B. Magnetism 

The magnetic behavior of CoioGesOie involves phase 
transitions with both temperature and magnetic field. 
Magnetometry data, including both temperature {x-T, 
Figure |5| and field {M-H^ Figure IgI) dependences, were 
collected from T = 1.8 K to 380 K under applied mag- 
netic fields up to ilf = 9T. A standard zero-field cooled 
(ZFC) and field-cooled (FC) protocol was used for the 
temperature-dependent measurements. A Curie- Weiss 
fit of the magnetic susceptibility collected under H = 
1000 Oe in the paramagnetic regime from T — 300 K to 
380 K gives /ieff = 4.26 /ie/Co, assuming ^ = 2, and 
©cw = +39.3 K. The magnitude of /ieff is consistent with 



TABLE I: Structural parameters of CoioGesOie at 
T = 100 K, as determined by Rietveld refinement of powder 
syncfirotron X-ray diffraction data. Space group: C2/m^ a — 
10.3021(0) A, 6 = 5.9537(4) A, c = 10.2158(1) A, and /3 = 



109.5(4) °. Figures of merit: x^ 
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FIG. 5: (Color online) Magnetic susceptibility as a function of 
temperature for CoioGesOie- The data were collected under 
H = 0.1, 1, and 5T using a ZFC-FC procedure. 



high-spin Co^+, lying between its S and L -\- S values 
of 3.87 and 5.20. The positive Ocw implies the pres- 
ence of ferromagnetic interactions. However, as is known 
for GeCo204,^^ the Curie- Weiss law does not strictly 
apply for octahedral Co^+ because of low-lying excited 
states that affect the susceptibility. Consequently, the 
sign of 6cw could be misleading. In low fields of H 
= 100 (not shown) and 1000 Oe, a cusp in the x-T oc- 
curs at Tn = 203 K, suggesting that long-range antifer- 
romagnetic order is established. Below this Tn, a small 
broad hump, centered at T = 170 K, and a slight ZFC- 
FC splitting are observed, x reaches a local minimum at 
T = 100 K and then increases as temperature is further 
lowered, with a sharp upturn at T = 20 K. Considering 



only the FC trace, this increase in x might be interpreted 
as a Curie tail from a paramagnetic impurity. However, 
we also observe that the ZFC-FC splitting increases sig- 
nificantly below T = 20K and that the ZFC exhibits a 
peak at T = 9K. These features in the ZFC-FC indicate 
the onset of another phase transition involving uncom- 
pensated magnetism. As seen in the H = 1 and 5 T 
susceptibility curves, this low-temperature transition is 
strongly affected by the application of a large magnetic 
field, the details of which are discussed in the next para- 
graph. Isothermal M-H sweeps are shown in Figure [6] for 
different temperatures down to T = 1.8 K. The curves 
are separated into three groups by temperature region 
and plotted in sequence to simulate the evolution with 
temperature. The M-H is linear above the transition at 
T = 220 K, consistent with paramagnetism at low B/T. 
As temperature is decreased below Tn = 203 K, the M- 
H behavior remains linear with the slope following that 
expected from the X"^- However, a broad upturn in the 
M-H at high field begins to evolve as T passes beneath 
180 K. By T = 120 K, this upturn develops into a sharp 
kink at a critical field Hq = 3.9 T. This phase transition 
involves hysteresis at high fields while the dependence 
remains linear and reversible at low fields. A "butter- 
fly" shape is thus formed, with distinct loops existing at 
both high positive and negative fields. Hq decreases as 
temperature is further lowered and the hysteresis loops 
eventually merge starting at T = 20 K. The M-H sweep 
at 1.8 K exhibits a single hysteresis loop with a sizable 
coercivity of nearly 1.5 T. Interestingly, the virgin mag- 
netizing curve taken after ZFC lies outside the hysteresis 
loop. This unusual M-H feature has previously been as- 
sociated with irreversible domain wall motion in spinel 
oxides. ^^ Looking back at the X"^? we see that the mea- 
surement under H = 5T exhibits a change in slope at Tn , 
as opposed to a cusp, and that x has a larger magnitude 
than in small fields, consistent with Hq < 5 T. 

The application of a large magnetic field generates a 
first-order phase transition in CoioGesOie at tempera- 
tures below 120 K. This corresponds to the same temper- 
ature at which the field-induced transition in the M-H 
becomes sharp and hysteretic. The first-order nature of 
the transition was first suspected because of an unusual 
feature seen in the high-field susceptibility data where 
the ZFC trace is larger in magnitude than the FC (Fig- 
ure Isl). For measurement under H = 1 this ZFC > FC 
for a region 7K < T < 30K, while it is 14K < T < 
120 K for H = 5T. These data were collected using a 
normal ZFC-FC procedure where the ZFC is collected 
on warming and the FC is collected on cooling, how- 
ever following this unusual ZFC > FC observation, we 
measured a second FC curve on heating to investigate 
any history effect. A thermal hysteresis, indicating a la- 
tent heat, is observed between the FC data collected on 
heating and cooling, with the curves offset in the H = 
1 T measurement by 11 K at the largest point (Figure [t]). 
This latent heat is only observed for measurements with 
H > 0.3 T. For H = IT^ the bifurcation point between 
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FIG. 6: (Color online) Magnetization versus field sweeps for CoioGesOie at different temperatures. The data for each tem- 
perature are offset by 5T increments along the x-axis to facilitate visualization. The virgin curve for the T — 1.8 K trace is 
dashed to distinguish it from the loop. Dashed black lines are provided to establish the graph origin of each data set. 
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FIG. 7: (Color online) A field-induced first-order phase transi- 
tion at low temperature in CoioGesOie- The zero-field cooled 
(ZFC) trace is greater than the field-cooled (FC) for 7K 
< T < 30 K. This is a result of thermal hysteresis between 
the FC data collected on heating and cooling, with the curves 
offset by 11 K at the largest point. 



the ZFC and FC curves measured on heating occurs at 
T = 22K. The first-order nature of this magnetic transi- 
tion necessitates the presence of a structural component. 
Such a strong first-order phase transition is uncommon 
in oxides containing Co (II). 

Heat capacity measurements were used as a comple- 
mentary method to investigate the phase transitions 
(Figure [8|. An anomaly is observed at Tn = 203 K un- 
der zero applied field, consistent with the magnetostruc- 
tural transition seen in the diffraction and magnetometry 
data. The field dependence of the high-temperature mea- 
surements reveals that the transition temperature is de- 
creased by a few Kelvin upon the application of H = 7 T, 
consistent with antiferromagnetic theory. No obvious fea- 




FIG. 8: (Color online) Heat capacity for CoioGesOie- The 
top panel displays the heat capacity collected under different 
magnetic fields, while the bottom shows the heat capacity 
normalized by temperature. An anomaly is observed at T = 
203 K, corresponding to the magnetostructural phase transi- 
tion. This transition temperature is lowered to T = 199 K 
with the application of i/ = 7T. A small upturn in Cp/T is 
seen below 15 K and is suppressed by magnetic field. 



tures are seen down to T = 2K in the zero-field trace, 
nor in the measurements under ilf = 1 or 7T, despite 
the presence of the field-induced first-order transition re- 
vealed by magnetometry. However, the Cp/T shows an 
upturn below 15 K that is suppressed with field. It is 
difficult to assign this second anomaly to a specific mag- 
netic, structural, or electronic origin. Its weak nature 
suggests that the low-temperature magnetic transition is 
a spin reorientation and thus does not involve a change 
in entropy. The entropy loss could instead be a result 
of a structural transition; a subtle change in octahedral 
shape, which is already distorted beneath T/v, as opposed 
to an order-disorder transition for example, would gen- 
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FIG. 9: (Color online) Powder neutron diffraction for CoioGesOie at different temperatures. Magnetic Bragg reflections of /cm 
= (00|) emerge beneath Tn = 203 K. The T = 5 and 100 K patterns are nearly identical, with only subtle changes, except for 
a new peak highlighted by the star at Q = 0.65 A~^. This small magnetic peak develops for T < 20K at the (001) nuclear 
position, consistent with km = (000), and is associated with the uncompensated magnetism that is observed concomitantly. 



erate only a small response. It is also possible that this 
measurement is probing the Kramers' doublet electronic 
ground state of octahedral Co (II). Finally, the first-order 
nature is problematic for the thermal relaxation mech- 
anism of our heat capacity measurement. We are thus 
planning to investigate the heat capacity with a tech- 
nique that directly measures heat flux. 

Powder neutron diffraction (PND) was conducted to 
further elucidate the magnetism of CoioGeaOie (Fig- 
ure^. We do not report the magnetic structure here, 
however we discuss the implications of some important 
observations. Magnetic Bragg reflections materialize be- 
neath Tn = 203 K and confirm the onset of antiferromag- 
netism. The structural component of the phase transi- 
tion known from the synchrotron X-ray experiments is 
just barely evident as a subtle peak broadening in the 
neutron data. The peak positions index to a magnetic 
/c- vector ku = (00^ )? indicating that the magnetic unit 
cell is commensurate with the low-temperature mono- 
clinic nuclear structure but that it is doubled along the 
c-axis. The intensities and positions of the peaks evolve 
smoothly with temperature down to T = 20K at which 
point a small new peak emerges at Q = 0.65 A~^, along 
with some subtle modulations of intensity in other re- 
flections. We attribute this new reflection to a magnetic 
origin because although its Q value corresponds to the 
(001) plane of the nuclear unit cell, and thus it could 
be a nuclear peak, no intensity is observed above back- 
ground at this location for T > 20 K. Additional support 
for a magnetic origin is seen in the low-field magnetome- 
try data, where a FC increase, ZFC-FC separation, and 
ZFC peak are observed with the same onset tempera- 
ture as this new magnetic peak. The occurrence of this 
magnetic Bragg reflection at the nuclear (001) suggests 
that it belongs to ku = (000). Given the uncompensated 
ferri- or ferromagnetic nature of this ku = (000) seen in 
the low-field magnetometry data, we suggest that it is 



connected to the transition occurring at large magnetic 
field. We thus hypothesize that the application of a mag- 
netic field will enhance ku = (000) at the expense of kM 

= (ooi). 

The spontaneous, and likely field-induced, /cm = (000) 
uncompensated magnetism of CoioGesOie appears to 
be ferrimagnetic in nature. We observe that M = 0.82 
/ie/Co at T = 1.8 K and H = 9T, and that the M-H 
is trending toward saturation at an intermediate Ms = 
1.0 /ie/Co, one third of the expected value for S = 3/2 
Co (II). This value of Ms suggests a ferrimagnetic state 
where partial compensation of the moment arises from 
the magnetic structure. An alternative explanation to 
explain the reduced Ms, however, is that CoioGesOie 
adopts a ferromagnetic low- spin S* = 1/2 state. While 
low-spin Co(II) is found in C0S2 and CoSe2 where the 
crystal field is larger,^ a spin transition is unheard of 
in extended, non-molecular Co(II) systems and would 
involve significant changes in crystal structure. Addi- 
tionally, given the large magnetic field needed to drive 
a spin-state transition in the related Co(III) compound 
LaCoOa,^^ a similar transition seems unlikely to occur 
under our experimental conditions. The spontaneous 
emergence of this ferrimagnetism and its coexistence with 
the antiferromagnetism is unusual for Co(II)-containing 
oxides and even for inorganic compounds in general. 

The structural and magnetic H-T phase diagram of 
CoioGeaOie, as determined by analysis of variable- 
temperature powder synchrotron X-ray and neutron 
diffraction, magnetometry, and heat capacity experi- 
ments, is presented in Figure 10 The free energy land- 



scape gives rise to an Hq that decreases with decreas- 
ing temperature, which is opposite to that observed in 
typical antiferromagnetic systems such as C0CI2 -21120, 
the archetypal Co (II) metamagnet.^ This difference likely 
arises due to the spontaneous tendency of CoioGeaOie 
towards a ferrimagnetic ground state. The behavior of 




FIG. 10: (Color online) Structural and magnetic H-T phase 
diagram for CoioGesOie- The contour plot of log(dM/dif), 
taken from the first quadrant of the M-H plot, demon- 
strates the development of ferrimagnetism (FiM). Magnetom- 
etry and neutron diffraction experiments revealed the spon- 
taneous emergence of FiM for T < 20 K. The phase bound- 
ary between antiferromagnetism (AFM) and paramagnetism 
(PM) was observed in both the magnetic and heat capac- 
ity data. The indicated crystal structure space groups were 
solved by refinement of powder synchrotron X-ray diffraction. 
The FiM phase must have a different nuclear structure than 
the AFM phase because the transition between them is first- 
order. The solid and dashed lines indicate first- and second- 
order nature, respectively. 



CoioGeaOie is also strikingly dissimilar to other com- 
pounds in the Co-Ge-0 system, namely spinel GeCo204 
and pyroxene CoGeOs,^^^ which are both antiferromag- 
nets that exhibit a reversible metamagnetic transition to 
a ferromagnetic state. Additionally, the T/v = 203 K of 
CoioGesOie is much larger than the 20 K and 35 K of 
GeCo204 and CoGeOa, respectively. While CoioGeaOie 
contains octahedral Ge^+ that is not present in the other 
Co-Ge-0 compounds, the contrasting behavior is likely 
due to the higher density of Co and its different connec- 
tivity. Despite these distinct behaviors, a region of phase 
coexistence between antiferromagnetism and ferrimag- 
netism exists in CoioGeaOie that is similar to a region of 
antiferromagnetism and ferromagnetism in GeCo2 04.'^ 
One might ascribe this broad two-phase region to powder 
averaging, especially when comparing to C0CI2 -21120,^ 
for example, which exhibits sharp transitions in its M- 
H. Transitions from AFM to FiM and from FiM to FM 
occur ai H = 0.32 and 0.46 T, respectively, for measure- 
ments with H \\ b, but no transitions if the field is along 
the a or c axes. However, single-crystal measurements 
on the related GeCo204 show that it does not exhibit 
significantly anisotropic magnetism despite the single- 
ion anisotropy of Co(II)r'^ It is instead likely that the 
magnetic anisotropy is intimately related to the magnetic 
structure, and thus the large phase space of CoioGesOie 
and GeCo204 may be a consequence of their high den- 



sity of magnetic ions and the presence of many exchange 
pathways. 



IV. CONCLUSIONS 

The crystal structure of CoioGesOie is an intergrowth 
with alternating layers of spinel and rock salt. A magne- 
tostructural transition occurs at Tn = 203 K, evidenced 
by magnetometry, heat capacity, and powder synchrotron 
X-ray experiments. This transition gives rise to long- 
range antiferromagnetic order with a rhombohedral-to- 
monoclinic symmetry change resulting from a slight dis- 
tortion of the CoOe octahedra. The antiferromagnetism 
is characterized by ku = (00^), as revealed by powder 
neutron diffraction, and below T = 20 K a small uncom- 
pensated component with ku = (000) emerges sponta- 
neously and coexists with the antiferromagnetism. The 
Ising-like spins of Co^+ reorient themselves below Tn 
upon the application of a large magnetic field. This tran- 
sition occurs at Hq = 3.9 T for T = 180 K and gives rise to 
a broad upturn in the M-H, while at T = 120 K it sharp- 
ens into a kink that exhibits hysteresis. A "butterfly" 
loop is thus formed, with linear and reversible behavior at 
low fields and hysteresis loops at high fields. The loops at 
positive and negative fields in the M-H merge beneath T 
= 20 K because Hq decreases as temperature decreases. 
A latent heat is observed in temperature-dependent mea- 
surements and indicates that this metamagnetic transi- 
tion is strongly first-order. The low-temperature M-H 
trends toward saturation at Ms = 1.0 //b/ Co even though 
this is only one third the value expected for high-spin 
Co (II). This reduced Ms points toward the ferrimagnetic 
nature of the field-induced state rather than a spin-state 
transition to a 5 = 1/2 ferromagnet. The structural and 
magnetic H-T phase diagram is not typical of inorganic 
Co (II) compounds nor of other transition metal oxides. 
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